 Chitosan-coated nanocapsules, but not nanoemulsions, influence the -potential of E.coli  A fixed number of nanocapsules binds and promotes aggregation of bacteria  In silico simulations agree closely with experimental results  Chitosan-coated nanocapsules attenuate the bacterial quorum sensing response § These authors contributed equally to this publication * Author for correspondence
Introduction
The study of the interaction between nanomaterials and bacteria is relevant in several areas and problems in the life sciences, such as development of antibacterial strategies for overcoming antibiotic resistance, and biosensors development. [1, 2] . However, the indiscriminate use of nanomaterials in antibacterial control can have major environmental and toxicological consequences. Nanomaterials based on natural building blocks, such as biopolymers, lipids, or proteins, however, can offer to be a safe, environmentally friendly, and attractive alternative to metal-or other inorganic-based ones. These type of nanomaterials have also been found with the special ability to interact with bacteria by fusing with their outer membrane by different mechanisms in Gram-negative and Gram-positive bacteria [3] .
In the case of nanomaterials comprising polycations (e.g., chitosan and its derivatives) that exhibit a positively-charged surface, the main driving force for their interaction with bacteria is electrostatic in nature [4] [5] [6] . Other nanomaterials bearing a positively-charged surface, such as diamond nanoparticles, bind closely to the surface of bacteria [7] . On the other hand, conjugation of targeting ligands such as aptamers [8] , peptides [9] , or DNA [10] , also confers nanomaterials with targeting capacity toward microorganisms [11] [12] [13] . Different types of microscopy (e.g., TEM, AFM, SEM) and molecular biology techniques offer powerful approaches to probe bacteria-nanomaterials interactions [14] [15] [16] [17] [18] [19] .
In the present study, we have addressed the interactions between chitosan-based nanocapsules (NC) and an E. coli bearing a synthetic QS genetic circuitry to work as a reporter strain (or biosensor) of bacterial QS [20] . QS is an exquisite chemical-based cell-to-cell communication system that was discovered to operate in bacteria and other microorganisms. QS is regulated by the synthesis of small signaling molecules known as autoinducers (AIs), and by the synthesis of intracellular and membrane proteins that detect the AIs. QS monitors cell population density and plays a critical role in regulating diverse traits and mounting of orchestrated collective behaviors such as biofilm formation, bioluminescence and virulence production [21] . In many Gramnegative bacteria, QS is regulated by acyl-homoserine lactones (AHLs) that vary in the length of the alkyl side chain, or the presence of hydroxyl-or oxo-substituents. Disruption of bacterial QS either using specific inhibitors that compete with or enzymes that degrade AHLs, without exerting toxicity, is considered as a promising approach to circumvent bacterial drug-resistance and a route to the development of a new generation of medicines to deal with bacterial infections Particles produced from inorganic substances such as metals, or silica, ranging in size from a few nanometers to the micrometer length scale, have extensively been studied for their use in antibacterial control [24] [25] [26] . Also, particles comprising organic building blocks such as polymers, lipids, or proteins of a different type, have been used to prepare antibiotic-loaded formulations for controlled drug delivery [27] [28] [29] . In particular, in the recent years, an increasing number of studies have focused on exploring the impacts of nanomaterials on bacterial QS signaling. [30] [31] [32] [33] These have included the study of nanomaterials loaded either with QS inhibitors [34] , or with AIs, as well as polymeric materials obtained by molecular imprinting with high recognition capacity to sequester AHLs, and thus inhibit QS responses [35, 36] .
This study deals with the interaction of chitosan-based nanocapsules (NC) and bacteria. NC can be considered as nano-vesicular systems that contain a reservoir comprised of a liquid oil core stabilized by a surfactant and coated by a polymeric shell such as chitosan (CS). These systems are formed by spontaneous emulsification [37] , as first described by Calvo et al. [38] . CS-based NC have become a versatile drug nanocarrier platform, both for lipophilic substances and hydrophilic macromolecules [39] [40] [41] [42] [43] [44] [45] .
Despite the wealth of studies that have addressed the interaction of bacteria with nanomaterials, there has been a paucity in works addressing the direct interaction of particles with bacteria and the local effect at the bacterial surface. Only recently studies have started to investigate the influence of nanomaterials on the QS response [30, 31] . To the best of our knowledge, this, along with an accompanying study [46] , are the first studies in their kind that account for the interaction of chitosan-based nanoparticles with an E. coli reporter strain of AHL-mediated QS.
To this end, we have firstly implemented a protocol to estimate the number of chitosan-based NC that bind with E. coli bacteria and found a "stoichiometric" optimum at which NCs and bacteria aggregate, beyond which upon subsequent addition of NCs, they no longer bind to the bacteria. In parallel, we have developed an in silico simulation platform that enabled us to simulate the interactions mediating NC-NC and NC-bacteria, and thus to recreate the experimental results with an extremely reasonable agreement. We have also evaluated the influence of varying numbers of AHL-loaded NCs on the QS response of the E. coli biosensor.
Materials and Methods

Materials
Chitosan of biomedical grade was provided by Mahtani Chitosan Pvt. Ltd., India and was the same sample used in previous studies [47] . The molecular weight of 115 kDa was determined by HPSEC-MALLS and the degree of acetylation of 42 % by 1 H-NMR spectroscopy. The characteristics of chitosan were selected, such that they did not inhibit the bacterial growth of the E. coli strain (unpublished); lecithin was a kind gift from Cargill (Epikuron 145 V, Cargill texturing solutions Deutschland GmbH & Co. KG, Hamburg, Germany); Miglyol 812 N was from Sasol GmbH (Witten, Germany); 3OC6HSL and all other chemicals were of analytical grade and were from Sigma-Aldrich Chemie GmbH (Hamburg, Germany).
Preparation of the nanoformulations
Chitosan-based NC and nanoemulsions (NE) were prepared according to with the protocol developed by Calvo et al. [48] with slight modifications introduced in our recent studies [45] . NE were prepared under an identical protocol but without the addition of chitosan and HCl in the aqueous phase. To prepare different concentrations of 3OC6HSL-loaded NC, 500 L of an 80 mg/mL ethanolic lecithin solution was mixed with 10 mL of different concentration (10, 20, 40, 60, 120, 200 for NE. The particles were visualized in the sample chamber, and the data was captured and analyzed using the software NTA V3.1.
-potential
The -potential of NC and NE was measured by phase analysis light scattering and mixed laser The transformed strain is a biosensor that can respond to the N-(3-oxohexanoyl)-L-homoserine lactone (3OC6HSL) and it is the same strain used in accompanying studies [46, 49] . The sequence BBa_T9002 comprised the luxR gene, coding for the transcriptional factor LuxR, under the control of the pTetR promoter, being expressed in a constitutive manner. Upon external addition of 3OC6HSL, the dimerization of two monomeric species of LuxR, each bound to one AHL molecule, drives to activation of gfp expression through binding of the LuxR-AHL dimerized complex to the lux pR promoter.
Growth media and conditions
Bacterial strains were cultivated using on Luria-Bertani (LB) purchased from Sigma-Aldrich
Chemie GmbH (Hamburg, Germany) and M9 minimal medium purchased from Becton, coarse-grained molecular dynamics in a way that particles and bacteria were treated as single solid entities with a center of mass and previously determined dimensions (see Table 2 ). To this end, a randomized set of initial positions (and velocities) for bacteria and nanoparticles was defined. The evolution of the system with time was determined by the potential "landscape", for which we use the interactions described by Elimelech et al [50] . To simplify the interactions, we considered the nanoparticles as spheres and the bacteria as plates while describing the interaction potentials. The position was determined by the pairwise interaction between NC, bacteria, and between NC and bacteria. The interaction potentials ( , and equation 22) were calculated between NC according to sphere-sphere interactions for spheres with different radii (r), between bacteria according to plate-plate interaction, and between bacteria and NC according to sphere-plate interactions [50] . The potential was differentiated with respect to the distance to obtain the force that is acting on an entity. NC were subjected to a random force proportional to their size, mass (mi), and viscosity of the medium ( ). Random movement (corresponding to thermal motion) of bacteria was realized by multiplying the axis vector of a bacterium with a Table 2 .
The governing equations of the simulation can be described as follows: Fi;random = Random force acting on particle i
Fi;friction = Frictional force acting on particle i ai(r) = Total acceleration of particle i ; mi = Mass of particle i xi;t = Value of quantity x (x = V for velocity and x = a for acceleration) for particle i at time t t = Time step
Result and Discussion
Characterization of chitosan-based nanocapsules and nanoemulsions
The physical characteristics of the NC and NE, namely the size distribution, -potential, and morphology, were investigated by different techniques. SEM images of NC and NE in Figure 1a and 1b, revealed the presence of spherical particles with sizes of <~200 nm. The fact that much better quality of SEM images could be obtained for NC than NE may stem from the fact that a harder shell is expected to occur on the chitosan-coated NC than in the pristine surface of the NE containing only lecithin surfactant. Table 1 summarizes the physical characterization parameters for both systems. Notice that in the case of NC, the Z-average diameter value (~155 nm) determined by dynamic light scattering with non-invasive back scattering (DLS-NIBS) is somewhat greater than the value (~114 nm) obtained by nanotracker analysis (NTA). The difference is also evident in the combined intensity scattering and number particle size distribution patterns (Figure 1c ) determined by one each technique, respectively. The average diameter values agree reasonably well with those reported in previous studies for both types of systems [39] . The distributions observed in both curves reveal the presence of predominantly one population of particles. In the case of DLS-NIBS, though, the presence of a skewed shoulder corresponding to a fraction of particles of larger size (~200-400 nm) can be noticed. Though much weaker, this shoulder is also noticed in the NTA distribution curve. In the case of NE, a very close agreement was observed between the average size values and both type of distribution curves (cf. Table 1 and Figure 1d ), even though a small shoulder corresponding to a fraction of particles of larger size is also evident in both curves.
DLS-NIBS and NTA are complementary techniques that enable to obtain a detailed picture of the particle size distribution. DLS-NIBS measures the relative distribution of particle size on the population. The contribution to the scattering intensity of the larger particles is much more predominant than that of the smaller ones. By contrast, NTA records and measures the trajectories of single particles resulting from the scattered light when illuminated by a laser beam.
Therefore, NTA affords the absolute number distribution directly, and hence, it is less prone to the influence of the larger particles than DLS-NIBS [51, 52] . As expected, the -potential value of NC was highly positive, in direct contrast to the highly negative one of NE devoid of a chitosan shell. Both -potential values were also in close agreement with those obtained in our previous studies [39, 53] . As representative of the experimental physical characteristics of the NC, in the in silico simulation studies discussed below, we used values of 150 nm and +50 mV for the diameter and -potential, respectively.
Effect of nanocapsules and nanoemulsions on the -potential of the bacteria
A variable known number of NC or NE per unit volume was applied to a known number of bacteria per unit volume, such that the ratio of NC or NE/bacterium varied in the range from 36
to 3620. The -potential of these systems was measured after incubation for 1 h at 4 ºC. Figure 2a shows that the bacteria alone have a negative -potential of ~-50 mV and that upon addition of an increasing number of positively charged NC, it increased and reversed from negative to positive values. This experiment also enabled to determine that at a ratio of ~80 NC/bacterium the -potential is equal to neutral. We denoted this "stoichiometric" NC/bacterium ratio as the "Km"
value, as explained in further detail below. In turn, the -potential of the mixtures of bacteria and NE were highly negative (~ -50 mV), and remained unchanged regardless of the number of added NE (Fig. 2a) . other studies [54] . The fact that the negative electrical surface charge of bacteria becomes neutralized and eventually reversed into a positive value, along with the fact that NE had no influence on the -potential of bacteria, argues strongly in favor that electrostatic interactions are the dominant mechanism at play driving the attachment of NC at the bacterial surface.
Sedimentation studies of the interaction of nanocapsules with bacteria
To further address the problem of the quantitative estimation of the number of NC that interact per bacterium, we used the sedimentation assay. A known number of NC was incubated with a fixed number of bacteria at 4 ºC for 1 h. Under such conditions, the cellular division was assumed to be negligible and hence, the number of bacteria remained unchanged during the assay. After the incubation, the NC-bacteria suspensions were centrifuged, and the NC-bacteria complex formed a solid pellet at the bottom of the tube, while free NC which did not interact with bacteria, remained in the supernatant, as they contain an oil core and are less dense than water [55] . Figure   2b and 2c shows the results of this experiment along with those of the in silico simulation studies.
NC/bacterium ratios ranging from 36 to 3620 were investigated. Close inspection of the experimental trace in Figure 2b shows that up to a value of ~80 NC/bacterium the percentage fraction of NC bound to bacteria (NCbound) was 100 %. Beyond this value, NCs start to be detected in the supernatant upon centrifugation, thus reducing the NCbound. When the data are expressed as the absolute number of bound NC (Figure 2c) , it can also be realized that a number of bound NC attains a maximal value of ~80 NC/bacterium when up to 100 NC/bacterium are added. Beyond this, fewer NC seem to attach to the bacteria. Notice also that at 109 NC/bacterium data point, the largest error bar is observed. Visual inspection of the NCbacteria suspensions revealed that at these concentrations of added NC, large aggregates were formed (See Figure S4) . It was also observed that at greater concentrations of NC, the resulting suspensions appeared more turbid without the presence of visible aggregates. Interestingly, the measured ratio of ~80 NC/bacterium up to which the NCbound is 100%, matches exactly that of the attainment of electro neutrality from -potential measurements, designated as Km (Figure 2a ).
The experimental evidence of the sedimentation studies is consistent with the fact that a finite number of NC interact at the surface of bacteria, under a precise, specific binding "stoichiometry".
In silico simulations of the interactions of nanocapsules and bacteria
NC interactions were simulated using an in silico platform that enabled to calculate their surface interaction potentials as well as their Brownian motion. To this end, we used average representative values of diameter (150 nm) and -potential (+50 mV). The resulting behavior of the simulated particles obeyed DLVO theory (see Figure S5) . At a surface-to-surface distance of ~43 nm the interaction potential between two particles showed a local minimum of min = -1.58 x10 -2 kBT. At lower separation distances of 0.3 nm, there is an energy barrier with max = 143 kBT, indicating that at lower separation distances, attractive forces exceed repulsive ones, and particles may aggregate. When the potential is differentiated with respect to the separation distance, the forces acting on the particles can be obtained. As can be seen in Figure   S5B , the repulsive forces at the energy barrier are in the order of 10 -10 N, whereas random forces due to Brownian motion are in the range of 10 -11 N. This means that under the simulated conditions, the system will remain stable since the random forces cannot overcome the energy barrier. Remarkably, in dilute conditions at separation distances greater than the particle diameter, the interaction forces are five orders of magnitudes smaller than the random forces. In turn, this also means that NC are not actively attracted by bacteria. It is rather the case that particles occasionally come nearby of the bacterial surface due to Brownian motion until a point where the attractive forces dominate, and particles collide on the bacterial surface.
We simulated different NC/bacterium ratios in suspension to assess similar conditions as those shown in Figure 2b and 2c. A similar trend was observed regardless of whether we simulated a single bacterium or an ensemble of three bacteria in the same volume (Fig. 2b) . Notice that the results from the simulations are in remarkable close agreement to the experimentally obtained data in the sense that the point of which less than 100 % of the applied particles remain bound to the bacterium matches the ~80 NC/bacterium ratio. At greater NC/bacterium ratios, the simulated data curves deviate from the experimental one, by predicting greater values of NCbound. This deviation might be a result of the used experimental isolation protocol. When NC are subjected to gravitational force during centrifugation, they do not sediment due to their lower density than water (in fact, at sufficiently high speeds they undergo phase separation and form a creamy layer on the top). It is possible, that during centrifugation process some NC might have detached from the bacterial surface and subsequently appear in the supernatant, thus predicting an underestimated percentage of interaction [56] . of n = 1.53 for the cooperativity constant in the Hill equation suggests that upon binding of one particle, the likelihood for another particle to bind increases.
In the performed simulations, for a separation distance of 32 nm between two particles bound at the bacterial surface the effective angle occupied by one particle is = 22° (for the detailed calculations see supporting information). At this distance, the total number of particles around one bacterium is 145 suggesting that at the saturation point obtained from in silico simulations the distance between two particles is on average 32 nm.
SEM imaging of bacteria mixed with nanocapsules
The interaction of NC and bacteria was further investigated by SEM imaging (Figure 3b-f) . As we have shown before, NC interact with bacteria up to a "stoichiometric" half-maximal value Km = 78 NC/bacterium. SEM images were obtained at lower and greater NC/bacterium ratios than this value. Figure 3a shows the image of E. coli bacteria alone, revealing the presence of isolated bacteria with a smooth surface. However, even at the lowest concentration of added NC, the bacteria appear as conglomerates of fused cells as can be seen in Figure 3b , 3c, and 3e. This is particularly evident in Figure 3c that shows a magnified image of one bacterium. Notice that the bacterial surface does not appear as smooth as in the pristine cells (cf. Figure 3a and d) , but reveals the presence of small protrusions leaving out of the cell wall. Also, the presence of at least one NC is evident. The presence of protrusions can be explained as a disruption of the cell wall once the NC are attached and inserted into the cell membrane, which can lead to an increase of the fluidity and leakage of cell contents [4] . (Figure 4a and 4b ). Also, it is possible to notice that at specific ratios, namely 184 and 368 NC/bacterium, the OD600 traces for both blank and 3OC6HSL-loaded NC showed a sudden increase. By contrast with the NC-bacteria interaction studies described earlier, in which the incubation of NC and bacteria was conducted at 4 ºC hence the bacterial growth was inhibited, in the QS assays, the bacteria were growing, and hence, the NC/bacterium ratios decreased in the course of the experiment (see Figure S7 ). The sudden "bumps" observed in the growth traces, centered at ~200 min can be explained as the consequence of attaining specific NC/bacterium ratios that result in the sudden aggregation of the colonies, and thus in the increase in OD600 values. Our SEM and sedimentation results are consistent with the notion of the existence of an optimal "stoichiometric" ratio of NC/bacterium of ~80 at which the electrical charge of bacteria and NC is fully compensated (i.e., -potential ~ 0) and the bacteria form large conglomerates ( Figure S4) . Interestingly, the "bumps" in OD600 were only observed when the initial NC/bacterium ratios were either 368 or 184, and not at any other initial ratios. It seems that only in these two cases, the optimal stoichiometric ratio was hit in the course of growth while in the rest of the cases, it was not. Nanoparticles have gained enormous traction in the past two decades as broad-spectrum antimicrobial agents [58] . However, an increasing number of recent studies are being centered mostly on inorganic nanoparticles to inhibit the bacterial QS activity. Recently, ZnO nanoparticles have been tested against six clinical bacterial strains of Pseudomonas aeruginosa and found that they decreased the virulence production and biofilm formation for most of the strains [59] . Several mechanisms have been proposed for the inhibition of bacterial QS activity, Naik et al. evaluated AgCl-TiO2 nanoparticles with Chromobacterium violaceum for their anti-QS activity, their studies confirmed that the inhibition of violacein production was due to AHL inhibition while not repressing bacterial growth [32] . Mohanty et al. quantified the influence of silver nanoparticles and single-wall carbon nanotubes on the reduction of the AHL synthesis and revealed that the effects of nanomaterials on QS signaling are highly dependent on bacterial species [30] . Another mechanism of QS inhibition activity of nanoparticles is by adsorption of AHLs to nanoparticles. For example, functionalized silicon dioxide nanoparticles were designed to carry -cyclodextrin that bind AHLs, thus removing this signal molecules from the immediate bacterial environment [31] .
Our study with the AHL-sensitive E. coli biosensor strain shows that NC can considerably reduce the expression of GFP and this is mostly achieved when the number of added NC is close to the "stoichiometric" ratio of NC/bacterium that compensates the electrical charge of the cell wall of bacteria and induces their aggregation. This effect was confirmed in two different scenarios, namely when the AHL were added directly to the culture medium, or when they were loaded into the core of the NC.
The observed greatest inhibition in the QS response could be explained as the restriction imposed on the diffusion of AHL as the bacteria are driven to aggregation by NC. Previous studies explain that bacterial biofilms form as 'microcolonies', and the development is a complex process [60] .
In fact, even suspended aggregates of cells display many of the characteristics that are associated with biofilms [61] . The E. coli bacteria in our experiments aggregated and seemed to form 'microcolonies' upon adding NC at a very narrow range of concentration, equivalent to 36 -72 NC/bacterium ( Figure S4 ). As we explained above, in the biological assays of QS activity, the bacterial growth increases in the course of the duration of the assay, while the NC number keeps constant, with the consequent decrease in the ratio of NC/bacterium (Fig. S6) . Our experiments show that when NC are dosed at low NC/bacterium ratios (55 -184) the onset of the attenuation of GFP expression occurs at ~200 min, this is probably the time point at which aggregation is maximized. Such aggregation is likely to impose a restriction on the diffusion of 3OC6HSL to the cell. At the higher NC/bacterium ratios (368 -2213) the attenuation of GFP expression only starts at ~270 min. At such conditions, much over the NC/bacterium stoichiometric ratio, it takes longer for the number of bacteria to reach the optimal ratio to drive bacteria into aggregation.
When the 3OC6HSL is loaded into the NCs, two possible explanations can be offered to the observed effects on the QS fluorescence output response. The first is that the 3OC6HSL is burst released from the NCs to the medium as soon as they are diluted. Released 3OC6HSL out of the NC would diffuse to the cell, very much in a similar way when it is added in the free form. This would explain the close similarity of the inhibition rates for both scenarios (Figure 4c) . A second possibility would be that the 3OC6HSL is released locally at the cell membrane and directly into the cytosol. At the moment, we do not have enough experimental evidence to favor unequivocally either of these mechanisms.
Conclusion
In this study, we have demonstrated both experimentally and in silico that chitosan-based NC bind to E. coli bacteria in a quantitative manner. This interaction can be explained by DLVO theory, accounting for the attractive and repulsive components that determine the total potential force. Upon binding at a "stoichiometric" NC/bacterium ratio of ~80, the surface charge of bacteria-NC complex is compensated, and bacteria appear forming large conglomerates. Our experiments are consistent with the notion that NC can interact with E. coli driven by an electrostatic interaction. The main significance of these results lies in the following: 1) Chitosancoated NC are non-toxic, even when they promote the aggregation of E. coli when added at a very narrow range of concentration; 2) NC themselves can inhibit the "hearing" or "sensing" component of bacterial QS; 3) In the same manner that 3OC6HSL was loaded into the oil core of NC, and it was delivered effectively to bacteria to trigger their QS response, it should be feasible to load compounds with QS inhibitory activity, such as cinnamaldehyde [62, 63] and other. 
